(Bio-Rad) in 10 µL reactions. Standard curves were derived from pGWB12 plasmid constructs 154 (described in the following section) containing the Arabidopsis AREB/ABF or G. hirsutum ABF 155 homolog coding sequences. 156 157
Generation of transgenic Arabidopsis lines 158
The coding sequences of the G. hirsutum ABF genes were amplified in accordance with the pENTR 159 Directional TOPO Cloning kit (Invitrogen). Half-reactions were used for TOPO cloning, then 160 transformed into One Shot Chemically Competent Escherichia coli (Invitrogen). Plasmids were 161 purified using the QIAprep Spin Miniprep kit (Qiagen). LR recombination (Invitrogen) was used to 162 transfer the target sequences to the pGWB12 expression vector (provided by T. Nakagawa, Research 163
Institute of Molecular Genetics, Shimane University, Matsue, Japan), then transformed into Library 164
Efficiency DH5-α E. coli (Invitrogen). Purified plasmid was transformed into Agrobacterium 165 tumefaciens C58, the culture was incubated at 30°C with shaking for 3 h, then plated to solidified LB 166 supplemented with 10 µg mL -1 gentamicin, 50 µg mL -1 kanamycin, and 50 µg mL -1 rifampicin. 167
Colonies positive for the insert were cultured for 48 h in 25 mL liquid LB supplemented with 10 µg 168 mL -1 gentamicin, 50 µg mL -1 kanamycin, and 50 µg mL -1 rifampicin at 30°C with shaking, then 169 transferred to 250 mL LB for 24 h. Cells were pelleted, then resuspended in a 400 mL 5% sucrose, 170 0.01% Silwet L-77 solution. Flowering Arabidopsis plants were dipped for 20 s with agitation, then 171 placed under cover in the dark for 24 hours before being transferred to growth conditions at 24 °C with 172 a 15 hour light/9 hour dark cycle (Clough and Bent, 1998) . Harvested seeds were surface sterilized in 173 30% chlorine bleach and plated on solidified ½ MS media containing 1% sucrose and 50 µg mL -1 174 kanamycin. Independent transformed lines were transferred to soil, verified via PCR, and expression 175 levels were measured using qRT-PCR (as above) for a minimum of ten lines. Three lines, the first 176 representing a relatively low level of ectopic expression, the second representing the highest level of 177 ectopic expression of the lines quantified, and the third, representing an approximate average 178 expression level of the low and high expressing lines (hereinafter "medial"), were selected for further 179
examination. 180
Immunoprecipitation 182
Immunoprecipitation assays were performed as previously described (Chen et al., 2013) with the 183 following modifications. Total protein from eight-day-old 35S::FLAG-GhABF expressing transgenicprotease inhibitor cocktail (1:100)). The protein extracts (1 mg) were precleared by incubation with 187 Protein A/G beads (Santa Cruz) for 2 h at 4ºC, and immunoprecipitated using 20 µl of Anti-FLAG 188 Affinity Gel (Sigma) at 4ºC for 1 h. Beads were washed three times with IP buffer for 20 min each at 189 4ºC. The precipitated proteins were eluted using 2x SDS sample buffer. Eluted samples were subjected 190 to Western blot analysis using an Anti-FLAG Alkaline Phosphatase antibody (Sigma) and -1.25 MPa) for 24 h, rinsed in a mannitol solution of the same water potential, and placed in 5 mL 208 deionized water for 1 h. Conductivity was measured, the samples were autoclaved, and conductivity 209 was measured again. Relative electrolyte leakage was calculated by dividing initial conductivity by 210 conductivity following autoclaving. Each genotype and treatment was replicated three times. To 211 measure differential survival following exposure to freezing temperatures, T 3 seeds were sown on soil-212 filled petri dishes. An average of ten 4 week-old plants per plate were then transferred to a growth 213 chamber at -7°C. After a minimum of 3 h at -7°C, plates were returned to the growth chamber at 214 approximately 24°C, at 30 min intervals, to a maximum 5.5 h. Survival was recorded following a 48 hold plants were excised and placed in tubes containing 5 mL deionized water then transferred to a water 218 bath at 1°C. The temperature was decreased at a rate of 1.5°C h -1 and samples were removed at -2, -5, -219 8, and -11°C, and placed on ice overnight. Following the measurement of initial conductivity, the 220 samples were autoclaved, conductivity was measured again, and relative electrolyte leakage was 221 calculated. Each genotype and temperature was replicated three times. 222
223

Results
224
Isolation and phylogenetic analysis of GhABF homologs 225
The allotetraploid G. hirsutum genome is a result of a polyploidy event between A and D genome 226
Gossypium diploid species (Wendel & Cronn, 2003; Chaudhary et al., 2009 ). Therefore, we expected 227 that the target G. hirsutum ABF orthologs would occur in the G. hirsutum genome as highly similar, 228 albeit distinct, homeologous gene pairs. To confirm this hypothesis, we isolated the coding sequences 229 and portions of the promoter regions of multiple putative ABF homologs from G. hirsutum and the 230 diploid Gossypium species, G. arboreum (A genome) and G. raimondii (D genome), and aligned them 231 with the Arabidopsis AREB/ABF orthologs ( Supplementary Fig. S1 ). Eight putative polypeptides 232 encoding GhABF orthologs (four homeologous pairs) were derived that contained the conserved basic 233 region and leucine repeats requisite of the bZIP domain, and the five putative Ser/Thr phosphorylation 234 sites characteristic of the Arabidopsis AREB/ABFs (Furihata et al., 2006; Fujii et al., 2009) . 235
236
To confirm the homology of these putative Gossypium orthologs, we constructed a maximum 237 likelihood phylogenetic tree ( Supplementary Fig. S2) Yoshida et al., 2015) . Therefore, we used qRT-PCR to measure the expression patterns of the 261
Arabidopsis AREB/ABF and GhABF homologs in response to exogenous ABA application, water 262 deficit, and cold temperature stress ( Figs. 1 and 2) . Analyses of the Arabidopsis homologs was carried 263 out to provide baseline expression level data to which the GhABF expression levels could be compared. 264
Absolute quantification methods were used to measure transcript copy number so that expression 265 changes between the different genes could be compared directly. Relative quantification was also 266 performed to confirm that our results were consistent with previously published data (Choi et (Fig. 1A,C,E) . Similar low levels of basal expression were measured for the GhABF homologs, ranging 271 from an average of 2 copies per ng total RNA for GhABF1D, to an average of 18 copies for GhABF2A 272 and GhABF4D (Fig. 2) . 273
274
As previously reported, we found the Arabidopsis AREB/ABF homologs were differentially expressed 275 in response to exogenous ABA and abiotic stress treatments. While expression of each AtAREB/ABF 276 gene was induced, at least to some degree, in response to exogenous ABA application, the magnitude ofincrease differed substantially. AtABF1 expression doubled and AtAREB1/ABF2 expression tripled 278 relative to basal levels, while the expression of AtABF3 increased 6 fold and AtAREB2/ABF4 increased 279 7 fold (Fig. 1A,B) . Similarly, all Arabidopsis AREB/ABF genes were induced in response to water 280 deficit, though AtABF1 and AtAREB1/ABF2 transcript levels increased only slightly, while the 281 AtAREB2/ABF4 transcript level increased steadily to 20 times its basal level over the 6 h sampling 282 period, and the AtABF3 level increased quickly after 3 h to ultimately reach a level 75 fold greater than 283 the basal level after 6 h (Fig. 1C,D GhABF3D and both GhABF4 homeologs increased more gradually in response to ABA, reaching levels 297 8 to 10 fold above basal levels, while expression of the GhABF2 homeologs increased by about 5 fold, 298 and the GhABF1 homeologs increased only by about 2 to 3 fold during the 2 h assay ( Fig. 2A-D) . In 299 response to water deficit stress, again, GhABF3A expression showed the largest increase in transcript 300 copy number. In addition, the increase in expression of the GhABF3 homeologs in response to water 301 deficit treatment began earlier than the other GhABF genes, becoming apparent after 48 h, as compared 302 to 72 h for the GhABF1, GhABF2, and GhABF4 homeologous gene pairs ( Fig. 2E-H) . Furthermore, 303 both ABA-and drought-induced expression of GhABF3A was considerably stronger than that of 304
GhABF3D, illustrating differential expression among these homeologous pairs. 305 306 Again, while the AREB/ABF bZIP transcription factors are not generally associated with temperature 307 stress, we found the expression of AtABF2 and AtABF3, and at least one member of each GhABFhomeologous gene pair, was induced during exposure to low temperature, although the magnitude of 309 change exhibited by most of these GhABF homologs was far less than in the exogenous ABA 310 application or water deficit treatments ( Fig. 2I-L) . Transcript levels of most of the GhABF genes 311 induced by low temperature reached a maximum after 1 h at 4 °C, then leveled off or dropped back to 312 near basal levels over the duration of the treatment. GhABF1A, which showed a relatively weak 313 response to ABA or water deficit stress, was the most strongly induced GhABF homolog in response to 314 low temperature, increasing from single digit levels to more than 100 copies per ng total RNA within 1 315 h, before returning to near basal levels after 4 h. Expression of GhABF4D also increased considerably 316 in response to chilling stress, and like GhABF1A, expression returned to near basal levels after 4 h. 317 318
Generation of GhABF expressing transgenic Arabidopsis lines 319
In order to characterize the functions of the individual GhABF homeologs and test the impact of their 320 ectopic expression on development and abiotic stress tolerance, we generated independent transgenic 321 Arabidopsis lines that ectopically express each of the eight isolated GhABF genes, under the control of 322 the constitutive CaMV 35S promoter. The ectopic expression levels of a minimum of ten independent 323
Arabidopsis lines for each gene construct were quantified, and three lines for each were selected for 324 phenotypic examination. These transgenic lines were selected as per the following crteria: 1) the line 325 with the lowest measurable ectopic expression level, 2) the line with the highest measured ectopic 326 expression level, and 3) a line with an ectopic expression level approximating the midpoint between the 327 high and low expressing lines for each gene construct (Table1). Each of these three selected lines, from 328 each of the eight GhABF gene constructs, were subsequently evaluated, in parallel, for differences in 329 growth and development, and their ability to tolerate drought and low temperature stress. 330 331 Although the same binary vector and CaMV35S promoter were used in the generation of all gene 332 constructs, we found substantial differences in the levels of constitutive ectopic expression among the 333 independent transgenic Arabidopsis lines. Wide variation in the range of event-specific expression was 334 seen between the transgenic lines expressing the individual GhABF orthologs and, in some cases, 335 between the lines expressing the A or D genome-derived homeologs (Table 1) . For example, the high-336 expressing lines containing the transgenes that encode the GhABF2 A and D genome homeologs had 337 similar levels of expression, averaging 455 transcripts per ng total RNA, while the GhABF2A-338 expressing lines showed little event-specific variability, with less than a 2-fold difference detectedbetween the highest and lowest expressing lines, in contrast to the difference between highest andexpression was seen in the GhABF3 homeolog expressing lines, with the selected GhABF3A lines 342 ranging from a low of 175 transcripts per ng total RNA to a high of 6383 transcripts per ng total RNA, 343 a 36-fold difference, while the overall expression difference among the GhABF3D lines was 344 approximately 1/10 th the level of the GhABF3A lines, ranging from 17 to 770 transcripts per ng total 345 RNA, a 45-fold difference from lowest to highest. Even more substantial differences in expression 346 between the paired homeologs was seen among the GhABF4 lines, with the expression of the 347 defined by the initiation of bolting (Fig. 4) . To determine if ectopic GhABF expression in Arabidopsis confers improved water deficit tolerance, we 391 quantified the survival of the selected GhABF expressing transgenic Arabidopsis lines, as compared to 392 wild type, following dehydration treatment (Fig. 5A ). Substantial differences in survival were apparent 393 between the wild type and transgenic plants after approximately 5.5 h dehydration, and these 394 differences became more pronounced after 6 h ( Fig. 5A; Supplementary Table S1 ). The percent of 395 surviving plants corresponded with ectopic expression level in the majority of the GhABF-expressing 396 lines, with the strongest protective effects seen in the high expressing lines for most gene constructs. 397
Notable exceptions to this trend were seen in the GhABF4 expressing plants, which showed similar 398 survival rates at all expression levels. While survival of the GhABF4A plants was not substantially 399 higher than wild type despite relatively high levels of ectopic expression, GhABF4D lines showed 400
The most substantial increase in water deficit tolerance was seen in the high GhABF3D line, which 402 showed 71% survival over wild type after 6 h dehydration treatment, and correlated most closely with 403 protein expression levels after ABA treatment. 404
405
To corroborate the dehydration survival assay results with osmotic stress, each of the GhABF-406 expressing lines were subjected to increasingly negative water potentials, and the percent electrolyte 407 leakage was measured (Fig. 5B, Supplementary Table S2 tolerance, we analyzed survival following exposure to -7°C over the course of 5 h ( Fig. 6A ; 437 Supplementary Table S3) , and electrolyte leakage (Fig. 6B, Supplementary Table S4 ) in response to 438 progressively lower freezing temperatures. 439
440
Unlike the water deficit tolerance assays where the protective effects were associated with expression 441 level, the effects of ectopic expression of the G.hABF homologs in Arabidopsis on freezing temperature 442 survival were gene-specific and largely independent of expression at the mRNA level (Fig. 6A) . these gene in response to low temperatures, in addition to exogenous ABA application and water 478 deficit. We found both the Arabidopsis AREB/ABF and GhABF genes had low levels of basal 479 expression, and each gene was differentially responsive to the various abiotic stress treatments. 480
481
In Arabidopsis, expression of AtABF3 is the most responsive to water deficit, chilling temperatures and, 482 along with AtABF4, to ABA treatment, while in G. hirsutum, expression of the GhABF3A is the most 483 highly responsive homeolog to water deficit and ABA treatment, and GhABF1A is most responsive to 484 chilling. These differential expression patterns within the G. hirsutum homeologous pairs could 485 indicate sub-functionalization or silencing of one or the other homeolog due to redundancy. For 486 example, expression of GhABF1 homeologs was only modestly responsive to exogenous ABA or 487 dehydration, and the GhABF4 genes exhibit only a slight induction in response to dehydration, 488 however, GhABF1A and GhABF4D are strongly induced in response to chilling, while expression of 489
GhABF1D responds relatively weakly to chilling and GhABF4A does not respond at all. This increased 490 expression in response to chilling stress could result from cross-talk due to functional interactions 491 between the ABA-dependent and ABA-independent stress response pathways (Yoshida et al., 2014) . 492
For example, Arabidopsis AREB1/ABF2 interacts with various AP2 domain proteins, including 493 DREB1A, also known as CBF3, an essential component of the low temperature stress response (Lee et et al., 2005) . Therefore, we analyzed the ability of the GhABFs to confer increased stress 499 tolerance and affect development when ectopically expressed in Arabidopsis. Tradeoffs between stress 500 tolerance and developmental delay were seen with some, but not all, GhABF genes, raising the 501 possibility that negative side-effects on growth and development associated with increased AREB/ABF 502 expression may be gene-specific and it might be possible to mitigate unwanted negative effects by 503 using transgenes that encode specific ABF orthologs and selecting transgenic lines with varying levels 504 of ectopic expression. In this way, it may be possible to find an acceptable balance between positive 505 and negative phenotypes. Therefore, three independent lines with high, low, and medial levels of 506 ectopic expression were selected for each of the eight GhABF gene constructs for physiological 507 examination. Although the gene constructs differed only in their coding sequences, transgene 508 expression levels varied widely among the different GhABF gene constructs. For example, the highest 509 expressing GhABF3A line accumulated more than 6300 transcript copies/ng of total RNA and the 510 medial expressing line had higher transcript levels than the highest expressing line of any of the other 511 constructs. On the other hand, the highest expressing GhABF4D line produced only 63 copies/ng, 512 1/100 th of the level seen in the high expressing GhABF3A line. Yet, these transgenic lines showed 513 similar dehydration stress tolerance phenotypes and the GhABF4D line flowered later and showed 514 stronger cold tolerance than the high expressing GhABF3A line. 515
516
The large transgene-specific and event-specific differences in the steady-state levels of the ectopic 517 show similar phenotypes. Interestingly, all GhABF1A and GhABF1D expressing lines showed 536 substantially increased cold tolerance but no reproductive delay, while the improved cold tolerance of 537
GhABF4A and GhABF4D expressing lines was associated with severe reproductive delays. 538 539 Though possible, it seems unlikely that the large gene-specific differences in transcript abundance 540 result from position effects associated with the stochastic insertion of transgenes into the Arabidopsis 541 genome. It seems more probable that the differences in maximal transgene expression are due to the 542 characteristics of the individual G. hirsutum ABF coding sequences. These differences could affect 543 transcription, but it is more likely that they affect transcript stability. For example, the attenuating 544 effects of microRNA (miRNA) could differentially affect the accumulation of GhABF mRNA from 545 different transgenes. To examine this possibility, the coding sequences of the eight G. hirsutum ABF 546 homologs were used to query the Arabidopsis miRNA collection in miRBase. Between two and five 547 potential miRNA target sites were found within the coding sequences for the all of the G. hirsutum 548 ABFs, with the exception of the GhABF3 homeologs, for which no putative target sites were found. 549
This observation raises the possibility that the high levels of ectopic expression of the GhABF3 550 homeologs in transgenic Arabidopsis lines could be associated with differential sensitivity to miRNA-551 dependent transcript destabilization. On the other hand, a unique potential miRNA target site was 552 detected in the GhABF4D coding sequence, which might explain its low expression. Interestingly, this 553 miRNA was reported to target transcripts for a MYB transcription factor that interacts with a class of 554 ABRE elements in the promoter of the stress responsive RD22 gene of Arabidopsis (Choi et al., 2000) . 555
The possible direct or indirect effects of this or other miRNAs on GhABF transcript stability remain tobe investigated. 557 558 Overall, our results indicate the isolated GhABF homologs encode functional transcription factors that 559 are likely to play important roles in the regulation of abiotic stress tolerance in cotton. Each homeolog 560 is differentially expressed in response to various abiotic stressors, and the ectopic expression of the 561 majority of these genes confers some degree of increased tolerance to drought or cold stress in 562
Arabidopsis. Keeping in mind that these results represent phenotypic analyses of transgenic 563
Arabidopsis plants that ectopically express cotton ABF genes, it is clear that GhABF3 genes are 564 induced by ABA and dehydration at both the transcriptional and post-transcriptional levels, and 565 together with the GhABF4 genes, may be critical for controlling cellular responses to water deficit in 566 cotton. Likewise, since ectopic expression of the GhABF1 and GhABF4 homeologs provides 567 substantial increases in cold tolerance in Arabidopsis, it seems possible that these factors may also be 568 important for the regulation of cold responsive gene expression in cotton. These data provide a 569 tentative roadmap toward informed decisions regarding the selection of genes for the development of 570 transgenic plants aimed at improving abiotic stress tolerance. However, further functional analyses of 571 the expression of these transgenes in other species, including cotton, will be necessary to confirm these 572 preliminary conclusions. 573 574 Table S1 . Percent survival of selected GhABF expressing transgenic Arabidopsis lines after 5.5 and 6 h 576 dehydration. 577 Table S2 . Electrolyte leakage (%) of selected GhABF expressing transgenic Arabidopsis lines in 578 response to increasingly negative water potentials 579 Table S3 . Percent survival of selected GhABF expressing transgenic Arabidopsis lines after 4.5 and 5 580 hours at -7° C. 581 Table S4 . Electrolyte leakage (%) of selected GhABF expressing transgenic Arabidopsis lines in 582 response to increasingly negative temperatures. 583 
